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The evolution of a mechanism to generate a proximal–distal axis perpendicular to the anterior–
posterior body axis was a key event in arthropod evolution and facilitated the formation of multi-
functional limbs. The study of proximodistal limb patterning in extant arthropods can provide insight
into the origin and evolution of the proximal–distal axis. In Drosophila melanogaster, proximal–distal
patterning is mainly organized by Wg/Dpp signaling. Egfr signaling is also involved, but is restricted to
late stages and distal leg parts (tarsus and pretarsus). Here we study the role of Epidermal growth factor
receptor (Egfr), spitz (spi), and pointed (pnt) in leg development in the beetle Tribolium castaneum. We
show that Egfr signaling has a more complex role in T. castaneum than in D. melanogaster and is not only
required in the distal leg, but is also involved in formation of the medial leg (including femur and tibia).
Egfr and spi are required for the regulation of clawless (cll), Distal-less (Dll) and dachshund (dac), and
RNAi leads to thickened and fused leg segments. Intriguingly, regulation of Dll and dac by Egfr signaling
appears functionally separate from its role in cll regulation, because it is not mediated by the
transcription factor Pnt. This suggests that Egfr signaling has a dual role with separate mediators in
proximodistal axis patterning. While the regulation of distal factors like cll is evolutionarily conserved,
regulation of Dll and dac appears to function in parallel or redundant with Wg/Dpp signaling, thus
providing a possible explanation why this role is less evolutionarily conserved in the insects.
& 2012 Elsevier Inc. All rights reserved.Introduction
The arthropods comprise four major groups (so-called
‘‘classes’’): Chelicerata (e.g. spiders, mites), Myriapoda (e.g. cen-
tipedes, millipedes), Crustacea (e.g. shrimps, lobsters), and Insecta
(¼Hexapoda; e.g. ﬂies, beetles, butterﬂies). In all four classes
together there are about 1 million described species and thus the
arthropoda comprise about 50% of all known species of organisms
on the planet (Purvis and Hector, 2000). This intriguing diversity
and evolutionary success of the arthropods is to a large part based
on the functional and morphological diversity of their segmental
appendages. Thus, the innovation of appendages was a key event
in arthropod evolution. To evolve from an appendage-less ances-
tor to the ﬁrst appendage bearing arthropod a genetic system was
needed that is capable of generating a novel axis on the body that
is perpendicular to the anterior–posterior axis, the so-called
proximal–distal axis. The study of mechanisms of proximodistal
appendage patterning in extant species of arthropods can provide
insights into the origin and evolution of this axis.ll rights reserved.
Prpic).Drosophila melanogaster is a well-established genetical model
system and many of its developmental processes have been
studied in great detail. However, due to the rapid development
of D. melanogaster many features of its development are derived.
Leg development is an example for such a derived mode of
development. Most arthropods develop their appendages as
gradual outgrowths during embryonic stages. D. melanogaster,
however, develops its legs via leg imaginal disks. The location of
these disks is speciﬁed during embryogenesis (e.g. Cohen et al.,
1991), but the physical formation of the disks takes place only
later during larval development. In addition the legs are formed as
ﬂat sheets of tissue inside of the larva and thus without an
obvious morphological proximal–distal axis. Nevertheless, studies
of leg disk development have shown that the proximal–distal axis
is laid down during the larval stages. The patterning of the
proximodistal axis is mainly organized by a system using Wing-
less (Wg) and Decapentaplegic (Dpp) signaling (Struhl and Basler,
1993; Campbell et al., 1993; Diaz-Benjumea et al., 1994; Jiang and
Struhl, 1996; Penton and Hoffmann, 1996; Theisen et al., 1996).
While Wg ligands are produced on the ventral side, the dorsal
side of the disk produces the Dpp ligand. These two ligands
emanate from their area of origin and thus cover the entire leg
disk with gradients of Wg and Dpp concentration. By ‘‘measuring’’
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determine its distance from either source of the morphogens and
thus its exact location within the disk. This positional information
is then used to activate the appropriate proximal–distal pattern-
ing genes in the leg disk (Lecuit and Cohen, 1997; Estella et al.,
2008; Estella and Mann, 2008; McKay et al., 2009; but see also
Giorgianni and Mann, 2011). Thus, Wg/Dpp signaling is the main
system of proximodistal leg axis patterning in D. melanogaster.
However, it is not the only system of proximodistal leg axis
patterning in D. melanogaster. A second system operates at later
stages of leg disk development and uses Egfr signaling to regulate
the patterning of the distal end (tarsus and pretarsus) of the legs
(Campbell, 2002; Galindo et al., 2002, 2005). In general, Egfr
signaling in D. melanogaster uses mainly three different ligands of
the Egf receptor: Spitz (Spi), Vein (Vn), and Gurken (Grk). While
Vein and Gurken serve as tissue speciﬁc ligands, Spitz is ubiqui-
tously expressed and is an Egfr ligand in a large number of
developmental processes (reviewed in Perrimon and Perkins
(1997)). After the activation of the Egf receptor by the binding
of any of the ligands a cascade of kinases relays the signal to the
nucleus. Most outcomes of Egfr signaling are mediated in the
nucleus by the transcription factor Pointed (Pnt) (Rutledge et al.,
1992; O0Neill et al., 1994). Pnt in D. melanogaster exists in two
isoforms, called Pnt-P1 and Pnt-P2. Pnt-P2 protein is activated by
phosphorylation through Egfr signaling; Pnt-P1 activity is inde-
pendent from Egfr signaling, but its transcription depends on
active Pnt-P2 (O0Neill et al., 1994; Gabay et al., 1996; Brunner
et al., 1994). Thus, the complete activity of Pnt depends directly or
indirectly on Egfr signaling.
We study leg development in the red ﬂour beetle Tribolium
castaneum. The beetles (Coleoptera) belong to the holometabolous
insects, but are more basally branching than the ﬂies (Diptera). It
has been shown previously that wg and Wg signaling have a role in
proximal–distal leg patterning in T. castaneum (Ober and Jockusch,
2006; Grossmann et al., 2009; Beermann et al., 2011; Bao et al.,
2011). The role of dpp in this process is still unclear, because of its
early function in dorsoventral patterning (Ober and Jockusch, 2006;
Van der Zee et al., 2006; Nunes da Fonseca et al., 2008, 2010). We
have here studied the role of spi, Egfr and pnt in the formation and
patterning of the legs in T. castaneum. We show that RNAi with Egfr,
spi, and pnt has effects on the patterning in the distal leg. RNAi with
Egfr and spi has an additional effect in the medial leg. We conclude
that in T. castaneum Egfr signaling is an additional patterning system
that is required in parallel with Wg/Dpp signaling for the patterning
of the proximal–distal leg axis.Materials and methods
Sequences
For the synthesis of double-stranded RNA (dsRNA) several
different fragments of the three genes Egfr, pnt, and pnt from T.
castaneum were used. For Egfr RNAi we used a 976 bp fragment of
the annotated Egfr gene (GenBank ID: XM_966301.2; annotated
as ‘‘similar to mutant epidermal growth factor receptor
(LOC660037)’’) located between (and including) the primers TGC
ATT GGA ACA AAC GGC and TGCCTTCTATCACAGTACAACCC. For
the off-target controls we used two non-overlapping fragments
located between (and including) the primers CAT CTC GCA CGT
GGA CAT CAA G and GTC CCG GCA TTG AGT CGC TTC (fragment
length: 1095 bp), and GTC GTG TGC CCA CTT CCA GC and GCG ATC
ACC ACA GTG TAG TTA TTG (fragment length: 846 bp). For spi
RNAi we used a 468 bp fragment of the annotated spi gene
(GenBank ID: XM_001813564.1; annotated as ‘‘similar to Keren’’)
located between (and including) the primers CTA CTG CAC GGCCTA ACA TC and GGA ACG TGA TCA GGT CGC. For the pnt gene
two different annotations are available (from Beetlebase (beetle-
base.org) and from GenBank) and both of them have been used as
a template for dsRNA synthesis. For pnt RNAi we used an 889 bp
fragment of the annotated pnt gene (Beetlebase ID: TC014512)
located between (and including) the primers GAC CGC TTT ATT
TGC ATT G and GCT TCT CGT AGT TCA TCT TCG. For the off-target
controls we used two non-overlapping fragments of the anno-
tated pnt gene (GenBank ID: XM_966248.2; annotated as ‘‘similar
to Ets domain-containing protein (LOC659984)’’) located between
(and including) the primers GTA ATC GAG AGT GAG AGT GCG and
CAA GTC TGG AAC GCA CAT CG (fragment length: 605 bp), and
CGC CCG AAG AGC ACG AAT ACC and GGC TTG AGA TCT ACC ATT
GCG TG (fragment length: 721 bp).
Embryonic RNAi
For embryonic RNAi, eggs were collected directly after egg
deposition and incubated at 25 1C until injection (approximately
12 h after egg laying). Injection at 12 h after egg laying (i.e. serosal
closure stage) was chosen, because at this stage all thoracic
segments have formed, but the leg primordia are not yet present.
In this way RNAi is unlikely to interfere with early thoracic
patterning and should more speciﬁcally interfere with leg forma-
tion. Prior to injection the embryos were dechorionized with a
50% solution of DanKlorix (Colgate-Palmolive) in water, washed
with water and then transferred with a brush onto a glass slide.
Surplus water was removed with a paper towel and the embryos
were arranged in rows using an eye-lash tool. Remaining water
evaporated during the arrangement of the embryos and the
embryos were then injected with beveled borosilicate needles
using a micromanipulator and a FemtoJet injection controller
(Eppendorf). The concentration of the dsRNA was 1800 ng/ml.
Injected embryos were incubated at 25 1C on the glass slide
(stored on an agar plate for humidity) until hatching or (for
in situ expression analysis) until germ band retraction. In the
former case, the larvae were then washed from the glass slide by
rinsing them with Hoyers medium into glass blocks and then
mounting them in Hoyer’s medium on new glass slides covered
with cover slips. In the latter case, the embryos were washed from
the glass slide by rinsing them with phosphate buffered saline
into small sieves and they were then processed as usual for
ﬁxation and in situ hybridization (see below). Removal of the
mRNA below the level of detection was conﬁrmed in each case by
whole mount in situ hybridization using the probes also used for
the analysis of the wildtype expression pattern. To exclude off-
target effects, separate non-overlapping fragments of Egfr and pnt
were used for dsRNA synthesis (see above) and these dsRNA
preparations were injected in parallel with the RNAi experiments
with the full-length fragments. In each case the full-length
fragment RNAi and the off-target control RNAi led to identical
results. For spi, this off-target control was not possible, because
the sequence was too short to design two non-overlapping
fragments. In order to assess the probability of off-target effects
with spi RNAi, we have performed a BLAST based search for
possible unspeciﬁc targets in the T. castaneum genome as
described previously (Posnien et al., 2011). This analysis showed
that all possible 21mers of the spi sequence used for RNAi have no
identical or highly similar matches anywhere in the T. castaneum
genome sequence (Tribolium Genome Sequencing Consortium,
2008) except for the spi gene. Thus, off-target effects are unlikely.
Embryo ﬁxation, in situ hybridization, TUNEL of fragmented DNA
Embryos for in situ hybridization were dechorionized with a
50% solution of DanKlorix (Colgate-Palmolive) in water and ﬁxed
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MgSO4, 1 mM EDTA; pH¼6.9) and heptane. Vitelline membranes
were removed by methanol shock and subsequent shearing
through a syringe needle (19 G gauge). Whole-mount in situ
hybridization detection of mRNA expression was performed as
described previously (Prpic et al., 2001). After in situ hybridiza-
tion embryos were ﬁxed with 4% formaldehyde in phosphate-
buffered saline with 0.02% Tween-20, pH¼7.4 and embedded in
80% glycerol for microscopy. TUNEL labeling was performed
based on the protocol for the spider Cupiennius salei (Prpic and
Damen, 2005) with minor modiﬁcations for Tribolium castaneum
(Schaeper et al., 2010b). The TUNEL procedure was controlled by
omitting the terminal transferase enzyme from the labeling
reaction (negative control) and by digesting batches of embryos
with DNAse I prior to TUNEL (positive control).
Microscopy and imaging
Larval cuticles and embryos from the in situ hybridizations
were observed with differential interference contrast microscopy
(Zeiss Axioplan-2). Images were captured with an Intas digital
camera and were subjected to adjustment of brightness, contrast,
and color values using Adobe Photoshop image processing soft-
ware (Version CS5 for Apple Macintosh).Results
Embryonic expression of Egfr, spi, and pnt
Expression of Egfr during the early stages of gastrulation is
ubiquitous, but higher levels are detected at the posterior end of
the germ band (Fig. 1A). During germ band elongation the low-
level ubiquitous expression decreases, but high levels of expres-
sion persist in the growth zone (Fig. 1B) and later additional
expression domains appear in the appendages (including the
labrum) and segmental spots in the abdomen (Fig. 1C). The legs
initially express Egfr ubiquitously and at a high level (Fig. 1D), butFig. 1. Expression of Egfr (A–E), spi (F–J) and pnt (K–O) during the embryonic developm
(A, F, K), start of germ band elongation (B, G, L) and the end of germ band elongation (C,
in L points to expression in the stomodeum. The six panels on the right show a magniﬁe
germ band elongation (D, I, N) and towards the end of germ band retraction (E, J, O). Antin the legs of embryos during germ band retraction Egfr expres-
sion resolves into a number of segmental rings (Fig. 1E).
Gastrulation stage embryos express spi at the anterior pole and
extending from there are two stripes along the main body axis
(Fig. 1F). Later, the anterior expression resolves into two expres-
sion spots in the brain and the longitudinal lines fuse into a single
stripe along the ventral midline in the gnathal region, but remain
separate in the growth zone, where spi expression forms a loop in
the center of the growth zone (Fig. 1G). During germ band
extension the expression along the ventral midline and the spots
in the brain remain the most prominent expression domains, but
small dots of expression appear in the tip of all appendage buds
(Fig. 1H). This expression in a small group of cells in the tip of the
legs persists during germ band extension (Fig. 1I) and germ band
retraction (Fig. 1J). This suggests that a source at the leg tip that
emanates the Spi ligand is active throughout leg development.
During gastrulation pnt is mainly expressed at the posterior
end of the germ band (Fig. 1K), and later a strong domain at the
presumptive site of the stomodeum is also visible (Fig. 1L). In
elongated germ band embryos additional expression of pnt
appears along the ventral midline, the brain and ocular region
and the peripheral nervous system (Fig. 1M). In the legs, expres-
sion is restricted to small groups and rings of cells in the distal leg
portion, and proximally there is also expression in tissue within
the legs, probably correlated with leg muscle innervation
(Fig. 1N, O).RNAi with Egfr, spi, and pnt leads to similar phenotypes
Parental RNAi experiments (data not shown) showed that
injected females had severely reduced egg productivity, thus indi-
cating that the three genes are involved in oogenesis and/or gonad
formation and function. Therefore, their role in leg development
could not be studied with parental RNAi and we used embryonic
RNAi instead to avoid interfering with oogenesis or other early
developmental processes. All embryos were injected approximately
12 h after egg laying (see also Materials and Methods) and thus at aent of T. castaneum. Expression patterns are shown in embryos during gastrulation
H, M). The arrowhead in G points to expression in the central brain. The arrowhead
d view of the thorax with the three developing legs of embryos towards the end of
erior is to the left in all panels. Abbreviations: oc, ocular region; vm, ventral midline.
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embryonic RNAi phenotype was similar for all three genes and
examples of embryos resulting from the injections are shown in
Fig. 4. The head and most of the thorax show only mild defects;
however, all appendages of these two tagmata are malformed and
shortened. The embryos show problems with the development of
dorsal tissue. The dorsal tissue along both sides of the embryos
converges at the level of the second or third thoracic segment, thus
leading to the development of a rim of dorsal tissue at the end of the
thorax that crosses the ventral midline (e.g. arrow in Fig. 4C). This
appears to cause problems with abdominal development, because
the abdomen develops from this point as an invaginated tube of
malformed segments. This ‘‘inside-out’’ abdomen is very thin and
therefore easily breaks off during preparation. It is therefore unclear
whether a normal number of abdominal segments develops in every
case; however, in some preparations the malformed tube-shaped
abdomen is very long (e.g. Fig. 4M), suggesting that an almost
complete number of abdominal segments can be formed in some
cases. Most of these embryos died before they were able to produce
a cuticle, as indicated by the high number of an egg shells only
phenotype in the cuticle preparations after RNAi (Supplementary
Figs. 1–3). Those embryos that survived to the larval stage (i.e.
cuticle formation) mostly did not manage to hatch from the egg and
had to be dissected from the egg by hand. Examples of these larvae
are shown in Figs. 2 and 3. A head capsule is present in all of the
larvae (Fig. 2A–F), but the thorax is often severely malformed
(Fig. 2C). In all cases the abdomen is present as a long tube of
cuticle with all bristles growing on the inside and directed towards
each other. Thus, this ‘‘inside-out’’ cuticle tube is consistent with the
‘‘inside-out’’ abdomen seen in the embryos. This inverted abdomen
is common to the RNAi phenotypes of all three genes (Fig. 2A–F). In
contrast, gene speciﬁc differences are seen with respect to the
formation of the legs. Those larvae with a severely malformed
thorax do not show signiﬁcant leg development (e.g. Fig. 2C), but
in the remaining larvae leg morphology could be studied. In Egfr
RNAi larvae the legs are shorter and visibly thicker than the
wildtype legs and the claw is missing (Fig. 3A). In addition, the
segments distal to the trochanter are often fused together (e.g. legs
on t1 and t2 in Fig. 3A). A similar phenotype is observed in the legs
of spi RNAi larvae, but the fusion and shortening of the segments
distal to the trochanter is even stronger. All segments form a singleFig. 2. Larval cuticle phenotype of RNAi with Egfr (A, B), spi (C), and pnt (D–F). Note th
Abbreviations: h, head capsule; t, larval thoracic segment; a, abdomen.lozenge-shaped segment without a claw (Fig. 3B). By contrast, the
legs of pnt RNAi larvae are all virtually identical to wildtype legs,
except that they are lacking the claw (Fig. 3C). In summary, the leg
phenotypes of all three genes had in common that the proximal
podomeres coxa and trochanter were never affected, but the distal
claw was missing. Fusions of the medial leg segments (femur and
tibiotarsus) were only observed after Egfr RNAi and spi RNAi, but not
after pnt RNAi.Changed proximal–distal pattern formation after RNAi with Egfr, spi,
and pnt
The cuticle phenotypes already indicated a role of Egfr, spi, and
pnt in leg formation. We have therefore examined the effect of the
RNAi on pattern formation in the developing legs. The gene
clawless (cll) is strongly expressed in the claw, and thus in the
distalmost segment of the legs (Fig. 4A, B). In the legs of Egfr RNAi
embryos and pnt RNAi embryos cll expression is completely
abolished (Fig. 4C, D, G, H). In the legs of spi RNAi embryos cll
expression is still detected, but with strongly reduced levels
(Fig. 4E, F). The gene Distal-less (Dll) is expressed in the medial
and distal portion of all legs (Beermann et al., 2001) (Fig. 4I, J).
Expression of Dll is strongly reduced in the legs of Egfr RNAi
embryos and spi RNAi embryos, but the overall expression pattern
is not changed (Fig. 4K–N). In pnt RNAi embryos the expression
pattern of Dll is virtually identical to the wildtype expression
pattern (Fig. 4O, P). The gene dachshund (dac) is expressed in a
ring in the medial portion of the legs (Prpic et al., 2001) (Fig. 5A).
In Egfr RNAi embryos and spi RNAi embryos the size of the dac
expression domain is strongly expanded and can include the
distal end of the malformed appendage (Fig. 5B, C). In pnt RNAi
embryos, however, the expression pattern of dac is unchanged
(Fig. 5D). The gene Sp8 is expressed in the distal and medial
portions of the legs, and thus similar to the Dll gene (Schaeper
et al., 2010a) (Fig. 5E). However, there are two rings with
increased expression levels, one ring at the proximal end of the
expression domain, and the second ring near the tip. In the RNAi
embryos the expression pattern is more or less unchanged
(Fig. 5F–H), but especially in Egfr RNAi the expression levels
appear to be slightly reduced (Fig. 5F).e ‘‘inside-out’’ abdomen in all cases. Anterior is to the left in all panels.
Fig. 3. Larval leg phenotypes after Egfr (A), spi (B), and pnt (RNAi). In Egfr and spi RNAi animals the legs are broadened and show fusions of all segments distal to the
trochanter and a missing distal claw, whereas in pnt RNAi animals the legs are normal except for the missing distal claw. The trochanter (tr) is indicated in all panels for
easier comparison between the panels. Anterior is to the left in all panels. Abbreviations: tr, trochanter; t, larval thoracic leg.
Fig. 4. Expression of cll (A–H) and Dll (I–P) in Egfr (C, D, K, L), spi (E, F, M, N), and pnt (G, H, O, P) RNAi and wildtype (A, B, I, J) embryos. The embryonic phenotype is similar
in all RNAi embryos: the dorsal thoracic tissue is fused at the end of the thorax. This is best seen in cll stained embryos, because cll is expressed in the presumptive dorsal
tissue (i.e. along the lateral rim of the germ band). Staining of cll fuses at the end of the thorax (see arrow in C). The abdomen thus grows from there as an invaginated
(‘‘inside out’’) tube that easily breaks off during preparation (see e.g. C, G). The cll gene is expressed in the tip of the legs (A, B). In the RNAi embryos cll expression is
strongly reduced or lacking. The Dll gene is expressed in the medial and distal portion of the legs (I, J). Its expression is reduced in Egfr (K, L) and spi (M, N) RNAi embryos,
but not in pnt RNAi (O, P) embryos. Abbreviation: T, embryonic thoracic segment. Note: the blackish blue staining seen in the pleuropodia on abdominal segment 1 in some
of the embryos (e.g. C, O) is a known artefact in whole mount in situ hybridization in T. castaneum.
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These changes in gene expression patterns in the embryonic
legs of Egfr, spi, and pnt RNAi embryos suggest that the patterning
defects are also the cause for the morphological defects in the
embryonic and larval legs. However, the RNAi-mediated depletionof these three genes might also lead to malformations that are not
speciﬁcally caused by Egfr, spi, and pnt depletion, but that might
be caused by general reactions to the loss of developmental cues,
such as increased cell death. To investigate this possible source
of phenotype misinterpretations further, we detected cell death
in the legs of wildtype and RNAi embryos using the TUNEL
Fig. 5. Expression of dac (A–D) and Sp8 (E-H) in Egfr (B, F), spi (C, G), and pnt (D, H) RNAi and wildtype (A, E) embryos. The dac gene is expressed in a medial ring (E).
Expression levels remain normal after pnt RNAi (D), but are upregulated after Egfr RNAi (B) and spi RNAi (C). In B the overlapping legs have been outlined with dotted lines
for clarity. The Sp8 gene is expressed in the medial and distal portions of the legs with two rings of higher level expression (E). In the RNAi embryos Sp8 expression is
largely normal, but appears to be somewhat weaker, especially in Egfr RNAi embryos (F). Abbreviation: T, embryonic thoracic segment.
D. Grossmann, N.-M. Prpic / Developmental Biology 370 (2012) 264–272 269technique. In wildtype embryos cell death was detected through-
out the embryonic legs (Fig. 6A, B). The labeled cells (by nick-end
labeling; detects fragmented DNA in dying or dead cells) are
scattered all along the proximodistal axis without a discernible
pattern. Thus, during normal leg formation a few cells in all
portions of the leg are removed by cell death. In the malformed
legs of Egfr (Fig. 6C, D), spi (Fig. 6E, F) and pnt RNAi (Fig. 6G, H) a
similar pattern of labeled cells was detected. We found no
evidence for an increase of cell death, neither generally over the
length of the legs, nor locally (e.g. only in the tip etc.). These
results support the notion that the malformations and gene
pattern changes are speciﬁc results of interference with Egfr
signaling.Discussion
Egfr signaling in embryonic leg patterning in Tribolium castaneum
As summarized in the introduction, the Spi protein is one of
three cardinal ligands of the Egf receptor in Drosophila melanoga-
ster, and Pnt is the main transcription factor that mediates most
outcomes of signal transduction through the Egfr pathway. The
similar effect on abdomen development observed after RNAi with
Egfr, spi, and pnt in Tribolium castaneum suggests, that these
factors form a similar pathway in T. castaneum as well (Fig. 7).
This notion is also supported by the conserved action of Rhom-
boid and Star in T. castaneum, which take part in the proper
activation of the Spi ligand in D. melanogaster as well as in T.
castaneum (Rousso et al., 2010), and by the conserved role of Egfr
signaling in dorsoventral patterning (Lynch et al., 2010).
However, the effect on leg formation and leg patterning shows
some differences between the three studied genes. The expression
of cll is abolished or reduced after RNAi with all three genes. This
suggests that they are functionally related in a hierarchical chain
that is required for the activation of cll in the distal leg.
Interference with any segment of the chain thus leads to the
downregulation of cll expression (Fig. 7). By contrast, the regula-
tion of Dll and dac apparently does not require pnt (Fig. 4O, P andFig. 5D). Such negative results (where no change of a given trait is
observed after RNAi) must be treated with caution, because RNAi
rarely results in complete gene knock-downs. Thus, the lack of
changes in Dll and dac expression after pnt RNAi may be an
artefact caused by residual pnt expression that is too low to be
detected by in situ hybridization, but sufﬁcient to regulate Dll and
dac in a normal fashion. However, because the effect of pnt RNAi
on other developmental aspects (e.g. the abdomen malformation
or the loss of cll in the legs) is comparable to the other genes, we
think that this is not very likely. We suggest that in the case of Dll
and dac regulation the outcome of Egfr signaling is not mediated
by pnt, but by another as yet unidentiﬁed transcription factor (‘‘X’’
in Fig. 7). Our data suggest that this proposed alternative
mediator is required for Dll activation, because Dll is down-
regulated after Egfr RNAi and spi RNAi. On the other hand, the
proposed factor appears to be required for dac repression, because
dac expression is upregulated after Egfr RNAi and spi RNAi.
However, the unidentiﬁed Egfr signaling mediator is unlikely to
be the only activator of Dll in this context, because Dll expression
is reduced but not fully abolished after Egfr RNAi and spi RNAi. In
addition, the mode of dac repression is unclear (indicated by the
question marks on the block arrows in Fig. 7). Data from the
Drosophila tarsal region suggest that dac expression is repressed
by Egfr signaling (Campbell, 2002). Thus, at least in the distal part
of the Tribolium leg dac repression by Egfr signaling could be
direct. Alternatively, repression of dac could be indirect, e.g. via
Dll. Our data support at least a partial regulation of Dll by Egfr and
spi, and further support for this indirect regulation comes from
recent work in Drosophila by Galindo et al. who have identiﬁed
enhancers in the regulatory region of Dll in Drosophila that are
controlled by Egfr signaling (Galindo et al., 2011). Since Dll and
dac are mutually repressive (e.g. Abu-Shaar and Mann (1998); but
see Giorgianni and Mann (2011) for a different view) the reduc-
tion of Dll expression after Egfr or spi RNAi could in turn lead to a
derepression of dac expression. Finally, both alternatives are not
mutually exclusive and may actually operate in parallel in the
Tribolium leg to pattern the proximodistal leg axis.
These conclusions from the study of embryonic leg patterning
are consistent with the leg cuticle phenotype. Because most of the
Fig. 6. Detection of fragmented DNA in dying or dead cells via TUNEL. All embryos are at the full germ band retraction stage and oriented with anterior to the left. The left
images show full frame overviews of the embryos and the right images are a magniﬁcation of the thorax region of the embryo shown to the left. (A, B) Wildtype embryo.
Note that the germ band was hurt during preparation. Labeled cells (dark spots) are distributed throughout the legs with no discernible pattern. (C, D) Egfr RNAi embryo.
(E, F) spi RNAi embryo. (G, H) pnt RNAi embryo. The pattern of labeled cells is very similar to the wildtype. No increase, neither generally nor locally, of TUNEL labeled cells
is observed in any of the RNAi experiments. Note that the rather intensive bluish background color is an artefact of the TUNEL procedure. Abbreviation: T, embryonic
thoracic segment.
D. Grossmann, N.-M. Prpic / Developmental Biology 370 (2012) 264–272270severely affected embryos die before reaching the larval stage and
thus do not form a cuticle, the phenotypes observed in the cuticle
preparations likely do not display the full or strongest leg
phenotypes. However, their morphology is fully compatible with
the observed gene patterning defects. The legs in pnt RNAi larvae
only show defects in the distal leg, consistent with the lack of cll
expression, but normal patterning of the medial leg by Dll and
dac. By contrast, the legs in Egfr RNAi and spi RNAi larvae (in
addition to the distal defects) show fusions and malformations
in the medial leg, consistent with the changed patterns of Dll
and dac.
Evolutionary implications: redundancy of Egfr and Wnt signaling in
leg patterning?
The patterning of the proximal–distal leg axis in D. melanoga-
ster is largely organized by Wg and Dpp signaling. However, the
evolutionary conservation of Wg/Dpp signaling in leg patterningoutside Drosophila is currently discussed controversially. There
are species-speciﬁc differences in wg and dpp expression, but
these are believed to reﬂect differences in leg architecture rather
than differences in Wg/Dpp function (Prpic et al., 2003). Several
authors report that Wg/Dpp signaling does not play a major role
in proximodistal leg development in some non-drosophilid
insects (Miyawaki et al., 2004; Angelini and Kaufman, 2005a, b;
Ober and Jockusch, 2006; Shah et al., 2011). Thus, without the
predominance of Wg/Dpp in the control of proximodistal leg axis
patterning, Egfr signaling could be more important in more basal
insects. Previous work has studied the role of Egfr signaling in the
legs of the cricket Gryllus bimaculatus, a representative of the
Ensifera, but this study focused on Egfr function during leg
regeneration (Nakamura et al., 2008). This work indicated that
Egfr signaling is required for the regeneration of the distal tarsus
plus the pretarsus and functions downstream of Wg signaling but
upstream of aristaless and dac. However, it is currently unclear
whether gene regulation and function during leg regeneration can
Fig. 7. Proposed interactions of Egfr signaling pathway components and pattern-
ing genes in leg development and abdomen formation in T. castaneum. The
available data suggest that pnt mediates the outcome of Egfr signaling in the
abdomen and the regulation of cll, but another unidentiﬁed factor (‘‘X’’) is the
mediator of the Egfr pathway in the regulation of Dll and dac. For the regulation of
dac two alternative possibilities are proposed (indicated by the ‘‘?’’). Either Egfr
signaling represses (via ‘‘X’’) dac directly or dac is normally repressed by Dll that in
turn is regulated by Egfr signaling. Both possibilities are not mutually exclusive
and could actually work in parallel in different parts of the leg.
D. Grossmann, N.-M. Prpic / Developmental Biology 370 (2012) 264–272 271be compared to the processes during embryonic leg development.
Our results in T. castaneum show that in contrast to D. melanoga-
ster Egfr signaling is not only required in the distal leg (tarsus and
pretarsus), but is involved in the formation of the medial leg
(femur, tibia) as well. The regulation of factors restricted to the
distal leg, such as cll, appears to be functionally separate from the
regulation of factors like Dll and dac that are expressed in broader
domains in the distal as well as the medial leg. The regulation of
cll is evolutionarily conserved between D. melanogaster and T.
castaneum. By contrast, the medial/distal regulation of Dll and dac
is less conserved, probably because it functions in parallel with or
even redundant to Wg/Dpp signaling. Such a redundancy of the
two patterning systems could have allowed the reduction of the
role of Egfr signaling in certain insect lineages. According to this
scenario, T. castaneum represents an intermediate state because
medial leg portions (femur, tibia) are dependent on both Wg
signaling (Grossmann et al., 2009) and Egfr signaling (this work),
while D. melanogaster shows a full reduction of Egfr signaling in
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